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Introduction
Intrinsic action potential (AP) generation in the absence of synaptic input is common to many neuronal circuits, and contributes to diverse functions including volitional motor control, reflexes, hormonal secretion, and central pattern generation (Hausser et al., 2004; Ramirez et al., 2004; Feldman & Del Negro, 2006; Walter et al., 2006; Stojilkovic et al., 2009) . Spontaneously active neurons exhibit two general states:
"tonic" activity characterized by single, simple spikes at a relatively constant rate, or "bursting" activity that cycles from periods of quiescence to periods of high-frequency spiking. The pattern of firing is determined by specific complements of ion channels. In tonically active cells, subthreshold membrane potential (V m ) oscillations are established by an interplay between depolarizing currents (often Na + , but also Ca 2+ or nonselective cation channels) and hyperpolarizing K + currents (Do & Bean, 2003; Puopolo et al., 2007; de Oliveira et al., 2010; Khaliq & Bean, 2010) . Interestingly, subthreshold Na + currents that drive a neuron to threshold arise from the same channels that mediate the rising phase of the AP (Taddese & Bean, 2002; Astman et al., 2006; Fleidervish et al., 2010) . These channels are restricted to the proximal section of the axon, termed the axon initial segment (AIS), suggesting that the AIS is important not only as the site of AP initiation, but also for establishing tonic rhythm.
In bursting neurons, additional contributions, often made by T-type Ca 2+ channels, sustain long-lasting depolarizations (Huguenard & McCormick, 1992; Swensen & Bean, 2003; Womack & Khodakhah, 2004; Liu & Shipley, 2008; Wang et al., 2009; Cain & Snutch, 2010) . In contrast to subthreshold Na + conductances known to be expressed in the AIS, it remains unclear whether T-type conductances that support spontaneous bursting are restricted to a specific neuronal compartment, or are instead distributed amongst multiple structures. Cartwheel cells of the dorsal cochlear nucleus (DCN), offer a unique opportunity to probe this question. These glycinergic interneurons express T-type Ca 2+ channels in both their dendrites and AIS (Bender and Trussell, 2009 ). Recently, we found that dopamine downregulates Ca 2+ influx through AIS, but not dendritic, T-type channels. Moreover, this regulation is independent of Na + or K + channel modulation, and therefore allows one selective control over a single, compartmentally restricted population of ion channels (Bender et al., 2010) .
Here, we took advantage of this neuromodulatory pathway to test the role of AIS T-type channels in the generation of spontaneous bursts. Even though dendritic T-type channels support depolarizations and Ca 2+ transients during spike bursts in these and other cells Errington et al., 2010) , we found that AIS T-type conductances, and their regulation via dopamine, play a predominant role in shaping spontaneous activity. While dopamine produces relatively modest reductions in APevoked AIS Ca 2+ influx (Bender et al., 2010) , it was sufficient to switch spontaneously active neurons from burst firing to largely tonic firing. This suggests that AIS ion channels determine ongoing firing modes, and furthermore identify a new role for dopamine in regulating spontaneous neuronal activity.
Methods
Electrophysiology. All procedures were in accordance with OHSU IACUC guidelines.
Following anesthesia, coronal brainstem slices (210 µm) were made from P17-26 CBA or C57BL/6J mice. D3 -/-mice were genotyped by PCR and GlyT2-GFP mice were genotyped by visualizing fluorescence through the skull of <P2 animals Bender et al., 2010 was iontophoresed with 9.1 ± 2.8 nA for 4 sec (range: 1.5-15 nA net, compensating for -20 nA constant retention current). Appropriate current amplitude was determined empirically at AIS locations and was not altered when the pipette was relocated to the dendrite. The pipette was subsequently repositioned to the AIS to ensure continued function. AIS and dendritic Ca 2+ imaging experiments used 10 nA ejection currents. APevoked Ca 2+ transients were imaged -3.6 s (baseline), 3.4 s (Ni 2+ ), and 9.4 s (wash) from iontophoresis onset. 15 nA currents were used with Na + to mimic the maximum Ni 2+ current. Phosphates were excluded from the recording solution to prevent precipitation.
Chemicals. Fluo-5F pentapotassium salt and Alexa Fluor 594 hydrazide Na + salt were from Invitrogen. SR95531, D-AP5, R-CPP and NBQX were from Ascent. (-)-quinpirole hydrochloride and GF-109203X were from Tocris. All others were from Sigma.
Statistics. All data are shown as mean ± standard error (SEM). An ANOVA followed by a
Mann-Whitney U test was used unless otherwise noted (significance: p<0.05). For
Kolmogorov-Smirnov (KS) tests, data were converted to cumulative probability distributions.
Results
Loose-seal recordings were made from cartwheel cells identified by laminar position, morphology, and, when spontaneously active, their ability to fire characteristic AP bursts. Of 261 putative cartwheel cells sampled, 172 were quiescent. Of the remainder, some (42) largely fired high-frequency bursts, characterized by instantaneous AP frequencies >100 Hz (Fig. 1A-B) , while others (47) predominantly fired simple spikes. Cells were classified as "bursting" or "simple spiking" if >40% or <20% of all instantaneous AP frequencies were >100 Hz, respectively. Note that all cells classified as simple spiking fired at least one burst, thereby identifying them as cartwheel cells (Golding & Oertel, 1997) .
Dopamine downregulates Ca 2+ influx through T-type channels localized to the AIS (Bender et al., 2010) . To determine if this modulation has an impact on spontaneous activity, we applied 50 µM dopamine to spontaneously bursting cartwheel cells.
Dopamine dramatically altered spontaneous spiking, reducing the percentage of highfrequency events (>100 Hz) from 48 ± 4 to 17 ± 4% (Fig. 1A -C, p < 0.005, paired t-test).
Consistent with an effective loss of bursting events, the overall distribution of instantaneous frequencies was shifted leftward (Fig. 1C , p < 0.005, KS-test), and the average instantaneous frequency, normalized per cell to baseline rates, was lower (0.45 ± 0.09 of baseline, n = 6, p < 0.005 vs. control). Interestingly, the average spike frequency (see Methods) was not altered ( Fig. 1E ; 0.88 ± 0.18 of baseline, p > 0.05 vs.
control), and long periods of quiescence were less frequent (Fig. 1A) , indicating that dopamine reorganizes spike pattern without altering overall spike rate. : -29 ± 10 pA, n = 4, Na + : -76 ± 23 pA, n = 3; p = 0.09, unpaired t-test), Na + iontophoresis had no effect on spike patterns ( Fig. 2B, D; instantaneous frequency: 0.95 ± 0.04 of baseline, p = 0.8, repeated measures ANOVA).
To ensure that Ni 2+ iontophoresis was restricted to the AIS, and that block of AIS Ca 2+ was necessary for changes in spike output, we performed two experiments. First, the iontophoretic pipette was relocated to a proximal dendritic branch on the opposite side of the soma, ~15 µm from its somatic origin. Dendritic Ni 2+ application had no effect on spike output ( Fig. 2D ; instantaneous frequency: 1.02 ± 0.05 of baseline, n = 4, p = 0.3, repeated measures ANOVA). Second, the spread of Ni 2+ from the AIS was assessed by imaging simultaneously AP-evoked Ca 2+ influx in the AIS and dendrite.
Using the same iontophoresis protocol, we found that Ni 2+ reduced AP-evoked Ca 2+ transients to 0.63 ± 0.07% of baseline in the AIS (Fig. 2E-F , n = 4, p < 0.001, repeated measures ANOVA), comparable to previous reports with dopamine and quinpirole (Bender et al., 2010) . In contrast, dendritic Ca 2+ transients were not altered by Ni To test more specifically the function of T-type Ca 2+ in burst generation we used the novel antagonist TTA-P2 (Shipe et al., 2008; Dreyfus et al., 2010) at a concentration
(1 µM) that specifically blocks T-type channels, but not R-type channels also found in the AIS (Choe et al., 2011) . TTA-P2 reduced AP-evoked AIS Ca 2+ influx by 47 ± 3% ( Fig.   3A -B; n = 6, p < 0.0001, one-sample t-test), confirming our previous results with mibefradil and Ni 2+ (Bender & Trussell, 2009 ). In contrast to dopamine's partial block of AIS T-type channels (Bender et al., 2010) , removal of all T-type current by TTA-P2 (Dreyfus et al., 2010) completely blocked spontaneous bursting ( Fig. 3C-E) . The percent of >100 Hz events was reduced from 48 ± 5% to 1.8 ± 0.7% (p < 0.001, paired t-test; p < 0.0001, KS-test), and the average instantaneous frequency was reduced to 0.11 ± 0.04 of baseline (p < 0.01 vs. control). Similar to dopamine, the average frequency was not altered (1.20 ± 0.24 of baseline, p = 0.7 vs. control).
Local Ni 2+ iontophoresis, combined with pharmacological block of dopaminergic modulation and T-type channels, strongly suggest that perturbations in AIS T-type channel function are sufficient to regulate bursting activity; however, they do not rule out other mechanisms that could contribute to these changes. For example, D 2 -family receptors, which includes D 3 R, are coupled to inward rectifier K + currents (GIRK) that can alter V m and R in , thereby altering spontaneous spiking (Kuzhikandathil & Oxford, 2000) . Previous experiments did not suggest that cartwheel cells expressed dopaminemediated GIRK currents, but these results were obtained from whole-cell recordings where the endogenous cytosol was dialyzed (Bender et al., 2010) . We therefore repeated these experiments using perforated-patch techniques, which leave the intracellular milieu largely intact (Rae et al., 1991) . Again, 1 µM quinpirole had no effect If dopamine acts exclusively on AIS T-type channels, then this modulatory pathway should have little impact on spontaneously simple spiking cartwheel neurons, which possibly never hyperpolarize to levels that relieve T-type channel inactivation (Cain & Snutch, 2010) . To test this, we activated D 3 receptors in simple spiking neurons with quinpirole (1 µM). Quinpirole had no effect on simple spiking cells ( Fig. 4A-B ; quinpirole instantaneous rate: 1.14 ± 0.07 of baseline, n = 6, control: 1.19 ± 0.09, n = 5, p = 0.6; quinpirole average rate: 1.24 ± 0.18, control: 1.23 ± 0.08, p = 0.7; KS-test: p = 0.06). Moreover, simple spiking activity was not affected by the antagonist sulpride ( Fig.   4C ; sulpiride instantaneous rate: 1.05 ± 0.05 of baseline, n = 4, p = 0.2 vs. control; sulpiride average rate: 1.26 ± 0.08, p = 0.6; KS-test: p = 0.9), suggesting that slices of DCN lack endogenous dopamine tone.
Discussion
Here, we described a novel mechanism by which neurons regulate the mode of spontaneous electrical activity. T-type Ca 2+ channels underlie bursting in a variety of neurons, and subtle changes in their biophysical characteristics have a strong influence on AP output (Tscherter et al., 2011) . While dendritic Ca 2+ influx indeed contributes to spontaneous bursting activity ( Fig. 3 ) (Womack & Khodakhah, 2004; Del Negro et al., 2011) , it is regulated further by conductances localized to the site of spike initiation.
Selective modulation of AIS Ca 2+ current was sufficient to markedly alter cartwheel cell activity, reversibly transforming bursting cells into tonically active cells (Fig. 1, 2 ). Previous data indicated that dopamine, delivered via exogenous or endogenous sources, weakens AP-evoked AIS Ca 2+ influx by 30-40% (Bender et al., 2010) . Further, this modulatory pathway is highly specific for AIS T-type channels;
neither Na + , K + , nor dendritic T-type channels are affected by D 3 R signaling (Bender et al., 2010) . Indirect effects on Ca 2+ -activated K + conductances can also be excluded, since decreases in the activity of these channels should facilitate, not block, bursting (Kim & Trussell, 2007) , and previous data suggest that these channels are not found in the cartwheel AIS (Bender & Trussell, 2009 ). Thus, these results demonstrate that small alterations in ion channel function can have profound effects on neuronal output, provided those changes are optimally targeted to proper neuronal compartments. Ca 2+ channels, most commonly T-type isoforms, appear to be localized to the AIS in a variety of neurons (Bender & Trussell, 2009; Yu et al., 2010) . Dopamine dampens evoked burst firing in multiple cell types (Stanzione et al., 1984; Gulledge & Jaffe, 1998; Ding & Perkel, 2002; Maurice et al., 2004; Tseng & O'Donnell, 2004) , possibly by alterations in AIS Ca 2+ influx. Further, mechanisms that directly affect AIS V m , including ionotropic receptor signaling onto the AIS (Szabadics et al., 2006) , could affect T-type channel availability, raising the potential that similar switches in spontaneous activity exist even in cells that lack AIS dopamine signaling.
Dopaminergic modulation at the AIS was shown previously to require type 3 dopamine receptors and PKC (Bender et al., 2010) , and here, dopamine-based changes in spontaneous activity were not observed in D3 -/-mice or when PKC activity was inhibited. These results, combined with those demonstrating that dopaminergic effects can be mimicked by selective block of AIS Ca 2+ influx (Fig. 2) , strongly suggest that changes in AIS Ca 2+ channel function mediate the observed effects. Based on whole-cell T-type current kinetics and sensitivity to subunit selective antagonists, we have hypothesized that Ca V 3.2 isoforms are localized to the AIS (Bender et al., 2010) . This modulatory pathway is distinct from other known molecular mechanisms by which dopamine alters Ca V 3.2 channel activity. In cultured H295R cells, the concerted action of type 1 and type 2 dopamine receptor activation, through a G βγ -protein kinase A signaling cascade, are required to inhibit Ca V 3.2 channels (Hu et al., 2009) . In contrast, AIS regulation more closely resembles neurokinin 1 receptor-mediated modulation of Ca V 3.2, which requires G αq11 signaling and PKC (Rangel et al., 2010) . Importantly, D3 receptors can couple to G αq11 (Newman-Tancredi et al., 1999) , though future studies will be required to determine whether these mechanisms are involved in AIS modulation.
A variety of neuromodulators alter cartwheel cell activity, either at synaptic inputs (Zhao & Tzounopoulos, 2011) , or by altering AP output (Bender et al., 2010; Kuo & Trussell, 2011) . Dopaminergic signaling in DCN acts on AIS Ca 2+ channels via volume transmission (Bender et al., 2010) , suggesting that it lacks specificity for particular cartwheel cells; however, the availability of T-type conductances may impose an activity filter, conferring specificity to only those cartwheel cells sufficiently hyperpolarized to relieve T-type channel inactivation (Cain & Snutch, 2010) . Dopamine released across the DCN may therefore bias the cartwheel cell network towards non-bursting behavior.
What effect would this have on DCN function? One current hypothesis is that cartwheel cell bursts contribute to the suppression of background noise by inhibiting DCN efferent neurons, in turn increasing the salience of external stimuli (Oertel & Young, 2004; Shore, 2005; Roberts & Portfors, 2008) . The character of background noise changes as one enters a novel environment, and as such, the synaptic inputs that evoke cartwheel cell bursts should also change with environment. Excitatory synapses onto cartwheel cells exhibit robust plasticity (Fujino & Oertel, 2003; Tzounopoulos et al., 2004) , enabling the acquisition of new associations that suppress now-relevant background noise. It is possible that dopamine makes additional contributions by suppressing bursts that no longer correspond to background sound. Indeed, novelty is a major cue for increased spiking activity in midbrain dopamine neurons (Schultz, 2007 ).
An understanding of the dynamics of catecholamine signaling in the DCN will therefore not only provide clues into how these neuromodulators shape DCN function, but may also provide insight into the role the DCN plays in auditory processing. 
